ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

ChemComm

ChemComm

Aqueous oxidation reaction enabled layer-by-layer corrosion of
semiconductor nanoplates into single-crystalline 2D nanocrystals

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Controllable aqueous oxidation reaction enabled layer-by-layer
corrosion has been proposed to prepare high-quality two-
dimensional (2D) semiconductor nanocrystals with single layer
accuracy and well-kept hexagonal shapes. The appropriate
oxidizing agent, such as H,0,, Fe(NOs);, and HNO; could not only
corrode the layered-crystalline-structured Bi,Te; nanoplates layer-
by-layer to be single quintuple layer, but also replace the organic
barriers to be ionic ligands on the surface synergistically. The AFM
analysis was used to confirm their layer-by-layer exfoliation from
the side to the center. Together with precise XRD, LRTEM and
HRTEM characterizations, the controllable oxidation reaction
enabled aqueous layer-by-layer corrosion mechanism has been
studied.

In order to get good prerequisite for enhanced functional
performance, the synergistic taking away the organic
insulating barriers and acquiring high-quality ultrathin single-
crystalline nanosheets are expected.l'3 Since the mechanical
exfoliation using the scotch-tape method to prepare graphene
from graphite and chemically oxidizing method with strong
oxidants and ultrasonic cleavage to prepare graphene oxide
from graphite,“'6 layered inorganic graphene analogues (IGA)
with high percentage of surface atoms have recently inspired
worldwide interests owing to their novel properties and great
potential for applications in transistors,7'8’ energy storage’g'10
thermal conductors® and topological insulators.**™? Many
liquid methods, such as sonication in solvents,14 ion
intercalation™™’
to prepare ultrathin nanosheets for applications where large
quantities of materials are required, such as electrochemical
energy storage, 19-20 catalysis, 2122 4nd sensing.zs'25 The single-
layer and multilayer nanosheets of layered IGA materials, such
as transition metal chalcogenides,ls' 19,2526 etal oxides®® *°

. .18
and surfactant-assisted exfoliation™ are used

. 30 .
and iayered doubie hydroxides™ have been prepared ihrough
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with single layer accuracy and ionic surface capping

[al %

these methods. While the research progress on many kinds of
such two-dimensional (2D) nanosheets, the 2D ultrathin
nanocrystals with single-layer accuracy through facile liquid
phase has only obtained limited progress. Especially, present
liquid methods mostly still could not take away the concern of
organic capping induced insulating barriers. 3138 1 order to get
the efficient carriers transport in nanocrystals assembled film,
the Talapin group reported that the inorganic ligands capped
surface could facilitate the charge transport between
nanocrystals.37 P-group metals, because of their special
electron  properties, have potential applications in
thermoelectricity,38'39 superconduc-tivity,40 magnetics41 and
topological insulator.”? Because of the oxidation-reduction
potentials of Bi and Te elements, Bi,Te; is easy to be oxidized
when preparing in liquid phase, while it attracts lots of
attention since its such applications.”' 42 % The 2D Bi,Te;
ultrathin nanosheets or films with single atomic layer accuracy
and single-crystallinity mostly were obtained through molecule
beam epitaxy (MBE) technology or chemical vapour deposition
(CVD) by epitaxial growth.“‘12 The aqueous phase synthesis of
high-quality 2D ultrathin Bi,Te; nanocrystals with single atomic
layer accuracy has been few reported, although there are
many colloidal single-crystalline Bi,Te; nanoplates reported. a4
As is known that, layered-crystalline-structured Bi,Te; is
oxidized in the air easily. The Yu group showed Te nanowires
could be completely oxidized in the air and synthesized Te
ultrathin nanowires from Te nanowire by oxidation.* Here, we
take advantage of the oxidation reaction induced layer-by-
layer corrosion to prepare single-layer level Bi,Te; nanosheets
controllably. With the appropriate choice of oxidizing agents,
such as H,0,, Fe(NO3);, and HNO;, the nanoplates could be
oxidized and corroded layer-by-layer. Most importantly, the
synergistic ionic capping ligands could replace the original
organic insulating barriers. Enabled by such, the 2D ultrathin
Bi,Te; nanocrystals with single layer accuracy have been
successfully. Furthermore, this unprecedented mechanism of
Bi,Te; nanosheets formation has been proposed well.
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Figure 1. (A) Schematic of Bi,Te; crystal structure: top view (left), front view and its quintuple layer (right); (B) Schematic of
formation of Bi,Te; nanosheets by oxidation reaction enabled exfoliation; (C) Powder XRD pattern comparison before and after
oxidation, star (*) means the diffraction peak of Bi,O3; (D-E) TEM images of as-prepared Bi,Te; nanoplates and nanosheets
respectively; the inserts are the HRTEM image of nanoplate and the SAED pattern of one nanosheet. The inserts also showed the

thickness of nanoplates and nanosheets by AFM analysis.

As the schematic crystal structure shown in Fig. 1A,
single-crystalline Bi,Te; consists of quintuple layers which
connect each other by weak Van der Waals interactions.™ 3!
Therefore, it is possible to exfoliate the layers in liquid phase
by intercalating guest molecules and reducing the energy
barrier.”” Herein, we choose appropriate oxidization agents,
such as H,0,, Fe(NO3);, and HNO;. Then Te” is oxidized into
Te042' (Te2'+H202—>Te02'+ H,0). Simultaneously, the Bi*" ions
form into Bi,03 (2 Bi**+ 60H — Bi,03 + 3H,0) and take off from
Bi,Te; nanoplates because of the large lattice mismatch.**
Especially, with the precise control of reaction kinetics, H,0,
could oxidize the crystal layers in Bi,Te; nanoplates layer by
layer from side into center. Finally, the quintuple-layered
ultrathin 2D nanosheets formed, as the schematic growth
mechanism shown in Fig. 1B. The XRD pattern of samples (Fig.
1C) showed that before and after oxidation, both nanoplates
and nanosheets of Bi,Te; display a pure rhombohedral phased
Bi,Te; and are in agreement with the standard XRD pattern
(JCPDS # 15-0863). The difference of XRD pattern between
before and after oxidation
diffraction peaks because the oriented growth of ultrathin

is the relative intensities of
Bi,Te; nanosheets becomes more and more obvious. As shown
in Fig. 1C, after oxidation, the intensities of diffraction peaks,
(1010), (0111), (0015) and (1115) peaks, become stronger
while that of facets (110) become weaker (See the details in
Table S1). It indicates that oxidation rate of various facets is
different and the facets along a and b axis are corroded with
higher reaction rates. However, the crystal phase remains the
same during the corrosion process. The very small peaks of
Bi,0; coexist after oxidation because the trace Bi,O3 impurities
in the sample, as shown in Figure S1. Due to the large lattice
mismatch, Bi,O; breaks away from Bi,Te; nanosheets into
small nanoparticles and can be removed by purification. TEM
images of 2D Bi,Te; nanocrystals in Fig. 1D-1E showed the
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well-kept hexagonal morphologies before and after oxidation.
The indexed nanoplates
nanosheets kept as 0.22 nm, which is in agreement with the
facets of (110) (also shown in Fig. S2). Furthermore, selective
area electron diffraction (SAED) pattern of whole of one
nanosheet are single-crystalline (Fig. 1E and Fig. S3).

In order to further clarify this special layer-by-layer oxidation

lattice spacing of Bi,Te; and

corrosion, the controlled kinetics of oxidation reactions help us to
get the intermediate state of Bi,Te; nanoplates, as shown in Fig. 2A-
2B and Fig. S2. There are a lot of stair-like Bi,Te; nanoplates with
thinner sides compared to the center part. Fig. 2A showed the
morphologies of Bi,Te; nanoplates during oxidation kept well and
the edges of Bi,Te; nanoplates are corroded firstly. The HRTEM
image in Fig. 2B confirmed that the Bi,Te; nanoplates maintained
unchanged latticeorientations during the oxidation. The lattice
spacings of two parts after different oxidation exfoliation are
constant (0.22 nm), in agreement to facet (110). According to the
mechanism of Bi,Te; growth reported by Xiong and Jeong,‘m'47
Bi,Te; nanoplate was growing with Te seed and new Bi,Te;
nanoparticles would attach the edge of seed and recrystallized. In
comparison, the oxidation here occurred firstly on the surface,
especially on the edge of top layers because of its higher Te” ions
concentration. In such way, Bi,Te; nanoplate is corroded layer by
layer and the different oxidation rate results in the stair-like
morphologies. Element mapping of Bi,Te; nanoplates before and
after oxidation (Fig. 2C-2D) also kept the same morphology and
Bi,Te; formation.
oxidation process could corrode the nanoplates with layer-crystal
structures into ultrathin shape
crystallization changing. The thickness changing before and after
exfoliation was confirmed by AFM analysis. As shown in Fig S4, the
as-prepared nanoplates were ~50nm thick. The nanosheets finally
could reach to ~1.2 nm thick (Fig. 3), which is equal to the thickness
of quintuple Iayer.ls’ 28

Fig. 2 further verified this unprecedented

nanosheets  without and
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Figure 2. (A-B) HRTEM images of stair-like intermediate states during oxidation. The dotted lines were used to highlight the
oxidation from outside to inside; (C-D) Element mapping of Bi,Te; nanoplates before (C) and after (D) oxidation.

As shown in Fig. 3, AFM analysis was carried out to measure
the height and surface morphologies of Bi,Te; nanoplates at
different steps of oxidation. As shown in Fig. 3A and Fig. S3-54, the
thickness of as-prepared Bi,Te; nanoplates is about 50 nm. Then
from Fig. 3B to Fig. 3C, the edges of Bi,Te; nanoplate is firstly
corroded by oxidation and then to be stair-like shape evidently. As
shown in Fig. 2A and 3C, the thickness of Bi,Te; edges became
thinner while its lattice fringe remained. It meant that oxidation
corroded Bi,Te; nanoplate layers by layers. With the progress of
oxidizing, the nanoplates become thinner and thinner. Finally, the
nanoplate is corroded into 2D ultrathin nanosheets with 1.2 nm
thickness, the single layer level (Fig. 3D). 15,31

The XRD patterns evolutions of the powder samples under
different concentrations of H,0,, Fe(NOs); and HNO; were
demonstrated to further confirm this special mechanism. From
such, the sample’s uniformity was also determined. As show in Fig.
4A, with more and more addition of H,0,, the relative diffraction
intensities of facet (006) and (0015) of Bi,Te; nanosheets become
stronger and that of facets (110) become weaker, while such of
peak(015) has no obvious changing. Similar tendencies are also
observed by using other oxidizing reagents, such as HNO3 or Fe(NO-
3)3 (Fig. 4B).That means when the Bi,Te; nanoplates are corroded
into thin nanosheets,facets (006) and facets (0015) become more
obvious.
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Figure 3. AFM images of Bi,Te; nanoplates before (A) and
during (B-D) the oxidation. al, a2, a3, and a4 are their
amplitude images; a2, b2, c2, d2 together with a3, b3, c3, d3
are their corresponding cross-sectional profiles along the blue
line, respectively. The scan area: (A-C) 900 nmx900 nm, (D)

800 nmx800 nm.

800

00
Posi‘!lmn /nm

This journal is © The Royal Society of Chemistry 2015

Facet (110) is more active than other facets during oxidation.
Hence, the relative XRD peak intensity of facet (110) became
weaker. These phenomena confirms the exfoliation is along a
and b axis. The changing of relative XRD peak intensities during
oxidation confirmed the aggravated anisotropy of Bi,Tes
nanosheets and the effectiveness of this exfoliation strategy.
Some oxidizing agents are used to react with Te” ions, single-
crystalline Bi,Te; nanoplates can be transformed into ultrathin
single-crystalline nanosheets without morphology changing. As
Xiong et al. reported, Raman characterization was sensitive to
detect oxide phase existing in Bi,Tes nanoplates.48 In order to
confirm no oxide phase existing on Bi,Te; nanoplates, Raman
characterization was employed. Firstly, the Raman spectra of
five different individual Bi,Te; nanoplates were collected, as
shown in Fig. 4C and Figure S6. Secondly, the Raman spectra of
as-prepared powder samples were also collected, as shown in
Fig. S7. From these Raman spectra characterizations (see also
S-1), No bismuth oxide phase was found on Bi,Te; nanoplates.
In other words, as-prepared untrathin Bi,Te; nanocrystals had
high purity.
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Figure 4. A) XRD patterns evolution of Bi,Te; nanosheets
oxidized by different concentrations of H,0,; B) XRD patterns
comparison of Bi,Te; nanosheets before (black line) and after

oxidation by HNO; (orange line) and Fe(NOs); (Green line); C)

Raman Spectra comparison of different individual
nanoplates after oxidation,

BizTe3

In summary, a flexible agueous oxidation enabled layer-by-
layer corrosion process to prepare ultrathin 2D nanosheets has
been established. Ultrathin 2D Bi,Te; nanocrystals with single
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layer accuracy have been unprecendently synthesized by this
facile aqueous corrosion strategy with synergistic ionic ligands
replacing process. By flexible choosing of oxidizing agents,
Bi,Te; nanoplates can be precisely corroded into single-
crystalline ultrathin nanosheets with well-defined shape and
layers control. It is also important that our approach should
offer a general and constructive method to create wide range
of ultrathin 2D semiconductor NCs with desired functionality,
especially efficient charge transfer based on single-
crystallization and ionic capping surface.
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